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Abstract—Many of the sensors deployed at materials and test re-
actors cannot withstand the high flux/high temperature test condi-
tions often requested by users at U.S. test reactors, such as the Ad-
vanced Test Reactor (ATR) at the Idaho National Laboratory. To
address this issue, an instrumentation development effort was ini-
tiated as part of the ATR National Scientific User Facility in 2007 to
support the development and deployment of enhanced in-pile sen-
sors. This paper provides an update on this effort. Specifically, this
paper identifies the types of sensors currently available to support
in-pile irradiations and those sensors currently available to ATR
users. Accomplishments from new sensor technology deployment
efforts are highlighted by describing new temperature and thermal
conductivity sensors now available to ATR users. Efforts to deploy
enhanced in-pile sensors for detecting elongation and real-time flux
detectors are also reported, and recently-initiated research to eval-
uate the viability of advanced technologies to provide enhanced ac-
curacy for measuring key parameters during irradiation testing
are noted.

Index Terms—In-pile detectors, radiation resistant sensors.

I. INTRODUCTION

N increasing number of U.S. nuclear research programs

are requesting enhanced in-pile instrumentation that can
provide real-time measurements of key parameters during irra-
diations. For example, fuel research and development funded
by the U.S. Department of Energy (DOE) now emphasize ap-
proaches that rely on first principle models to develop optimized
fuel designs that offer significant improvements over current
fuels. To facilitate this approach, high fidelity, real-time data are
essential for characterizing the performance of new fuels during
irradiation testing. Furthermore, sensors that obtain such data
must be miniature, reliable and able to withstand high temper-
ature, high irradiation conditions. Depending on user require-
ments, sensors may need to obtain data in inert gas, pressurized
water, or liquid metal environments.

The U.S. DOE designated the Advanced Test Reactor (ATR)
at the Idaho National Laboratory (INL) as a National Scientific
User Facility (NSUF) in April 2007 to support U.S. research in
nuclear science and technology. By supporting users from uni-
versities, laboratories, and industry, the ATR will promote basic
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and applied nuclear research and development and advance the
nation’s energy security needs. A key component of the ATR
NSUF effort is to develop and implement in-pile instrumenta-
tion capable of providing real-time measurements of key pa-
rameters during irradiation. This paper describes the strategy for
identifying instrumentation needed for ATR irradiation tests and
the program initiated to obtain these sensors. New sensors de-
veloped from this effort are identified, and the progress of other
development efforts is summarized.

A. ATR Design and Irradiation Capabilities

The ATR is a versatile tool for conducting nuclear reactor,
nuclear physics, reactor fuel, and structural material irradiation
experiments [1].

The ATR’s maximum power rating is 250 MW ¢;, with a max-
imum unperturbed thermal neutron flux of 1 x 10 n/cm” —s
and a maximum fast neutron flux of 5 x 10'* n/cm2 —s. Be-
cause most contemporary experimental objectives do not re-
quire the upper limits of its capability, the ATR typically op-
erates at lower power levels (nominally 110 MWyy;,). The ATR
is available over 70% of the year, in cycles that typically range
from 6 to 8 weeks, with outages lasting one or two weeks. The
ATR is cooled by pressurized (2.5 MPa/360 psig) water that en-
ters the reactor vessel bottom at an average temperature of 52°C
(126°F), flows up outside cylindrical tanks that support and con-
tain the core, passes through concentric thermal shields into the
open part of the vessel, then flows down through the core to a
flow distribution tank below the core. When the reactor is oper-
ating at full power, the primary coolant exits the vessel at 71°C
(160°F).

As shown in Fig. 1, the ATR core consists of 40 curved plate
fuel elements in a serpentine arrangement around a 3 x 3 array
of primary testing locations, including nine large high-intensity
neutron flux traps. The unique ATR design permits large power
variations among its nine flux traps using a combination of con-
trol cylinders (drums) and neck shim rods. The beryllium con-
trol cylinders contain hafnium plates that can be rotated toward
or away from the core. Hafnium shim rods, which withdraw ver-
tically, are inserted or withdrawn for minor power adjustments.
Within bounds, the power level in each corner lobe of the reactor
can be controlled independently to allow for different power and
flux levels in the four corner lobes during the same operating
cycle. The ratio of fast to thermal flux can be varied from 0.1
to 1.0. In addition to the nine large volume (up to 1.22 m long
and up to 0.13 m diameter) high-intensity neutron flux traps,
there are 66 irradiation positions inside the reactor core reflector
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Fig. 1. ATR core cross section showing irradiation locations.

tank, and two capsule irradiation tanks outside the core with 34
low-flux irradiation positions.

There are several ATR test assembly configurations:

* Static Capsule Experiments—These capsules may contain
several small samples or engineered components. Static
capsule experiments may be sealed or may contain material
that can be in contact with ATR primary coolant (such cap-
sules are in an open configuration without being sealed).
Capsules may be any length, up to 122 cm (48 in.) and may
be irradiated in any core position, including the flux traps.
Irradiation temperature may be selected (within limits) by
providing a gas gap in the capsule with a known thermal
conductance. Instrumentation is currently limited to sen-
sors that detect peak temperature or accumulated neutron
fluence.

» [Instrumented Lead Experiments—Active control of exper-
iments and data from test capsules during irradiation is
achieved using core positions with instrumentation cables
and temperature control gases in ATR instrumented lead
experiments. Such experiments can have instrumentation,
such as thermocouples, connected to individual capsules
or single specimens. This instrumentation can be used to
measure and control conditions within the capsule. For
example, temperature control in individual zones is per-
formed by varying the gas mixture (typically helium and
neon) in the gas gap that thermally links the capsule to
the reactor coolant. In addition to temperature, sensors can
monitor the gas around the test specimen. In a fueled ex-
periment, the presence of fission gases due to fuel failures
or oxidation can be detected via gas chromatography. In-
strument leads allow real time display of experimental pa-
rameters on control consoles.
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» Pressurized Water Loop Experiments—Five of the nine
ATR flux traps used for materials and fuels testing are
equipped with pressurized water loops (at the NW, N, SE,
SW, and W locations). A sixth loop will be operational
in 2012. Each of the water loops can be operated at dif-
ferent temperatures, pressures, flow rates, or water chem-
istry requirements. These loops can operate above the stan-
dard temperatures and pressure of a commercial pressur-
ized water reactor (PWR) power plant. The great advantage
of loop tests is the ease with which a variety of samples can
be subjected to conditions specified for any PWR design.
Each ATR pressurized loop is instrumented to measure and
control coolant flows (both helium and water), tempera-
tures, pressures and sample test data.

* Hydraulic Shuttle Irradiation System (HSIS)—The HSIS
or “rabbit” enables insertion and removal of experiment
specimens during ATR during operational cycles. The
HSIS is installed in the B-7 reflector position, which is
one of the higher flux positions in the reactor with typical
thermal and fast (>1 MeV) fluxes of 2.8E + 14 n/cm2 —$
and 1.9E + 14 n/ cm®—s, respectively. The titanium
experiment capsules, or shuttles, are approximately 16
mm in diameter X 57 mm in length with interior usable
dimensions of 14 mm in diameter x 50 mm long. Up to
14 capsules can be used for irradiations simultaneously,
although one does not need to fill all 14 capsules for a test.
The maximum allowable weight of each shuttle contents
is 27.0 grams.

In addition to these testing locations, the ATR is co-located
with the ATR Critical (ATRC), a full-size nuclear mock-up of
the ATR core that allows researchers to characterize in advance,
with precision and accuracy, the expected changes in ATR core
reactivity due to a proposed test. This facility generally oper-
ates at a thermal power of less than 5 kW (with associated peak
thermal fluxes of around 10*° n/cm”—s and a maximum fast
neutron flux of around 10° n/ cm’—s).

Clearly, the ATR design offers unique advantages for testing.
With additional in-pile instrumentation to support these testing
capabilities, the features offered by this reactor user facility can
be even more fully utilized.

B. Addressing ATR User Needs for Enhanced Instrumentation

As noted above, the ATR is unique with respect to irradia-
tion testing capabilities. The test volumes and flux levels in each
of its irradiation locations [Static Capsules, the HSIS, Instru-
mented Lead Tests, and PWR loops] are unsurpassed by few, if
any, test reactors in the world.

In 2007, the ATR NSUF initiated an effort to develop unique
instrumentation required for ATR irradiations. As part of this
effort, a review was first completed to identify instrumentation
available to users at other materials and test reactors (MTRs)
located in the US and abroad. Table I summarizes results from
this review [2].

In Table I, the column labeled “ATR Technology” indicates
sensors currently available to ATR users. The column “Pro-
posed Advanced Technology” includes two categories: “Avail-
able at Other Reactors,” which identifies technologies employed
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TABLE I
INSTRUMENTATION AVAILABLE AT ATR AND OTHER TEST REACTORS
Parameter Proposed Advanced Technology
Parameter Static Instr. PWR ATR Technology Available at Other Developmental
Capsule/ Lead Loop Reactors
HSIS
Temperature N N N -Melt wires (peak)? -Paint spots (peak) -Wireless (range)®
-SiC Temperature Monitors
(peak temperature for range
of values)
N N -Thermocouples (Type N, K, - Fiber optics
C, and HTIR-TCs)d -Noise thermometry
-Ultrasonic
thermometers
Thermal \ \ -Degradation using signal -Hot wire techniques
Conductivity changes in thermocouples
Fluence (neutron) N N \ -Flux wires and activating foil
dosimeters
N N -Self-Powered Neutron -Moveable SPNDs
Detectors (SPNDs)
-Subminiature / miniature
fission chambers
Gamma Heating N N -Calorimeters
-Gamma thermometers
Dimensional \ N -LVDTs (stressed and -Ultrasonic transducers
unstressed) -Fiber optics
-Diameter gauge
-Hyper-frequency resonant
cavities
Fission Gas N N -Sampling (‘near” real-time) -LVDT-based pressure -Acoustic
(Am"”“?a and evaluation using detectors e . measurements with
Composition) -Counter-pressure monitor .
high-frequency
echography
Loop Pressure -Differential pressure
v transmitters
-Pressure gauges with
impulse lines
Loop Flowrate -Flow venturis
v -Orifice plates
Loop Water J -Off-line sampling/analysis _Electrical chemical
Chemistry potential probes
Crud Deposition -Out-of-pile examinations -Diameter gauge with
v neutron detectors and
thermocouples
Crack Growth -Direct Current Potential -Ultrasonic transducers
Rate v Drop Technique

“Ttalic text denotes instrumentation being investigated for ATR applications; bold text denotes new instrumentation currently deployed at the ATR.
b Although melt wires have been used at ATR, recent efforts have expanded the types offered to our users, allowing more accurate estimates of peak

temperature, and enhanced encapsulation methods.

¢ Although listed under temperature, wireless technologies could be pursued for many parameters.
4Type C thermocouple use requires a “correction factor” to correct for decalibration during irradiation.

at other MTRs that could be adapted to enhance ATR instrumen-
tation capabilities; and “Developmental,” which lists develop-
mental or non-nuclear technologies that could be used in ATR
irradiation tests. Technologies listed in this column are consid-
ered to be less “ready” for implementation. Italic text denotes
sensors currently being pursued as part of instrumentation re-
search activities, and bold text denotes new or enhanced sensors
recently developed and deployed by INL. It should be noted that
many of these instrumentation development efforts are in col-
laboration with organizations that develop and deploy instru-

mentation at other MTRs, such as the French Atomic Energy
Commission (CEA), the Institute for Energy Technology at the
Halden Reactor Project (IFE/HRP), the Korea Atomic Energy
Research Institute (KAERI), and the Massachusetts Institute of
Technology (MIT).

The instrumentation currently being evaluated for the ATR
was selected based on anticipated user needs and “technology
readiness” (providing ATR users needed instrumentation in the
near-term). For example, other MTRs have sensors available for
real-time detection of parameters such as neutron flux (thermal
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and fast) and geometry changes (length and diameter). As in-
dicated by the italic text in Table I, efforts are underway to ex-
plore using these technologies at the ATR. However, adapting
instrumentation used at other test reactors often requires demon-
strations because of ATR-specific irradiation conditions (e.g.,
higher neutron fluxes, higher temperatures, etc.) and test cap-
sule geometries. As indicated by the bold text in Table I, three
new or enhanced sensors are now available to ATR users as a re-
sult of this instrumentation development effort. Although most
instrumentation development efforts are focused on nearer-term
technologies that already exist at other test reactors, some ex-
ploratory efforts to investigate the use of fiber optic and ultra-
sonic technologies have also been initiated. The use of these
developmental technologies is being explored because of their
potential to offer more compact, higher resolution and accuracy
instrumentation. For example, it may be possible to obtain a
temperature profile within fuel during an irradiation tests using
a single, small diameter (~0.25 mm) mult-segment ultrasonic
thermometer. The ultimate goal of this effort is to provide ATR
users enhanced sensors for detecting all of the parameters listed
in Table I.

II. REPRESENTATIVE DEVELOPMENT EFFORTS

Selected examples of efforts to develop new methods for de-
tecting temperature, thermal conductivity, geometry, and flux
during ATR irradiations are summarized in this section.

A. Temperature

As indicated in Table I, temperature detection sensors avail-
able to ATR NSUF users are comparable, if not superior, to
those used at other MTRs. To meet recent customer requests, an
increased selection of melt wires with enhanced encapsulation
and SiC temperature monitors are available for all irradiation lo-
cations; and doped molybdenum/niobium alloy thermocouples
are available for instrumented lead and PWR loop applications.
Although not discussed in this paper, INL has recently started
exploring the use of fiber optics and ultrasonic techniques as a
non-contact temperature sensor.

1) Melt Wires: Metal wires of a known composition and
melting temperature are placed in an irradiation test to deter-
mine if a specific peak temperature is reached. A post-test ex-
amination of the wire is required to determine if melting ac-
tually occurred indicating that the corresponding melting tem-
perature was reached (or exceeded). As described in ASTM
E 1214-06, [3] melt wire materials should consist of metals
with 99.9% purity or be eutectic alloys such that their mea-
sured melting temperatures are within £3°C of the recognized
values. Transmutation-induced changes of these wires should
not be considered significant even after exposure to fluences
up to 1 x 102° n/em® (E > 1 MeV). As noted in [3], melt
wires should be selected to measure temperature at 5 to 12°C
intervals, with at least one melt wire that possesses a melting
temperature greater than the highest anticipated temperature. As
part of the ATR NSUF effort, INL has developed in-house ca-
pabilities to verify the melting temperature of candidate wire
materials (ranging from ~85 to 1500°C) and to encase mul-
tiple melt wires into a single small diameter unit for irradia-
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tion testing. Fig. 2 shows a quartz tube containing multiple melt
wires. Metallic tubes are also available for use in ATR tests.

2) Silicon Carbide Temperature Monitors: In recent years,
several organizations have explored the use of SiC temperature
monitors for peak temperature detection because these monitors
can be used to detect the maximum temperature reached within
arange of temperatures. For example, Snead et al. (ORNL) [4]
successfully used changes in resistivity to detect peak irradiation
temperatures with accuracies of approximately 20°C for dose
ranges of 1 to 8 dpa and temperatures between 200 and 800°C.
Experimental data suggest that upper and lower bounds for this
range may be extended.

The technique implemented by Snead et al., is now also avail-
able at INL. Specialized equipment at INL’s High Temperature
Test Laboratory (HTTL) now allows peak temperature detec-
tion in all test locations using SiC monitors. In this technique,
the SiC sensor electrical resistivity is measured after heating
in a furnace located within a stainless steel enclosure at the
HTTL (see Fig. 3). After heating, cooled samples are placed
into a constant temperature environmental test chamber to en-
sure electrical resistivity measurements are taken within 0.2°C
of a predetermined temperature, 30°C. A high accuracy (9 digit)
multimeter, which is placed outside the stainless steel enclosure,
is used to obtain resistance measurements. Specialized fixturing
(see Fig. 3) was developed to ensure that measurements are al-
ways taken with the SiC sensors placed in the same orientation.
A four point probe technique is used with the points connected
to the sample through spring-loaded angled electrodes that hold
the SiC temperature monitor in place. Current and voltage are
provided to the sample via wires that are threaded through the
holes in the electrodes.

The accuracy of this new INL capability was verified by
completing tests with unirradiated samples of various grades
of SiC temperature monitors (which vary in resistivity) and by
completing comparison measurements with ORNL on identical
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sensors that had been subjected to identical irradiation condi-
tions [5]. Increases in normalized electrical resistivity were ob-
served to occur at approximately the same temperature in these
evaluations (as shown by representative results in Fig. 4). Hence,
evaluations indicate that similar peak irradiation temperatures
are inferred from ORNL and INL measurements.

3) High Temperature Irradiation Resistant Thermocouples
(HTIR-TCs): For decades, real-time temperature measure-
ments during irradiation tests have been made with com-
mercially-available, mineral insulated, metallic sheathed
thermocouples. These thermocouples are used to monitor
and/or control the temperature achieved during irradiation. For
temperatures below 1000°C, experimental needs are typically
met using Type K or Type N thermocouples, which have
demonstrated excellent reliability and signal stability under
irradiation, even for very high neutron fluences exceeding
1022 n/cm® (thermal neutrons). However, these thermo-
couples decalibrate when exposed to temperatures above
1100°C. High temperature thermocouples, such as Type C or
D thermocouples, decalibrate due to transmutation when their
tungsten-rhenium thermoelements, with high absorption cross
sections, are exposed to a thermal neutron flux. Hence, thermo-
couples were needed that can withstand both high temperature
and high radiation environments.

To address this need, INL developed a High Temperature
Irradiation Resistant ThermoCouple (HTIR-TC) that contains
commercially-available doped molybdenum paired with a
niobium alloy. HTIR-TC component materials were selected
based on data obtained from materials interaction tests, duc-
tility investigations, and resolution evaluations (see [6]-[11]).
HTIR-TC long duration performance has been demonstrated
through testing, in which thermocouples were held at elevated
temperatures (from 1200°C to 1800°C) for up to 6 months.
The 1200°C test included nineteen commercially-available
Type N thermocouples, three commercially-available Type K
thermocouples, and nine INL-developed swaged HTIR-TCs.
As indicated in Fig. 5, some Type K and N thermocouples
drifted by over 100°C or 8%. Much smaller drifts (typically
less than 20°C or 2%) were observed in the INL-developed
HTIR-TCs. Similar drifts (2%) were observed in HTIR-TCs
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in a long duration (4000 hour) test completed at 1400°C, and
smaller drifts (less than 1%) have been observed in HTIR-TCs
with enhanced fabrication techniques for higher temperatures
(up to 1800°C).

HTIR-TCs were also installed in a multi-capsule experiment
where gas reactor fuel samples were irradiated at temperatures
up to 1200°C in INL’s ATR. The test started in February 2007
and ended in October 2009. Fig. 6 shows signals from two INL-
developed HTIR-TCs and one Type N thermocouple located
within one of the capsules (Capsule 4). Signal variations are
due to ATR power fluctuations and outages (e.g., gray regions
correspond to when the ATR was shutdown). As shown in this
figure, the HTIR-TC (TC-4-1) located near the Type N thermo-
couple (TC-4-3) yielded a signal consistent with the signal from
this Type N thermocouple at the beginning of this irradiation.
In addition, the HTIR-TC located at a higher temperature re-
gion within the capsule (TC-4-2) yielded a consistent, but higher
temperature, signal. However, in October 2008, the Type N ther-
mocouple failed; and its signal ceased. The successful operation
of HTIR-TCs in this test has led to requests for INL to supply
them to other MTRs. In 2010, three HTIR-TCs were supplied to
MIT for an irradiation test in the MIT Nuclear Research Reactor
(MITR). In addition, three HITR-TCs were recently fabricated
and shipped to IFE/HRP for use in the Halden Boiling Water
Reactor (HBWR).
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B. Thermal Conductivity

Currently, changes in fuel or material thermal conductivity
due to ATR irradiations are evaluated out-of-pile. However,
as discussed in this section, real-time methods for detecting
changes in thermal conductivity during irradiation in instru-
mented lead and loop tests are now available as a result of ATR
NSUF instrumentation development efforts.

Historically, in-pile thermal conductivity measurements were
made using an approach with one (or more) thermocouples em-
bedded near the center of the fuel rod and one exterior to the fuel
(in the coolant or a structure outside the fuel element). As part of
a collaborative effort with Utah State University (USU) and the
IFE/HRP, INL evaluated the multiple thermocouple steady-state
thermal conductivity approach and a transient hot wire method
(THWM) with a single probe, containing a line heat source
and thermocouple (see Fig. 7), embedded in the fuel as can-
didate in-pile effective thermal conductivity measurement tech-
niques. Results, as documented in [12], indicate that the THWM
needle probe offers an enhanced method for in-pile detection for
thermal conductivity.

INL explored the use of a hot wire probe design, that was de-
veloped based on ASTM D 5334 —05.18.93. [13] In the THWM
approach, thermal conductivity is determined from the temper-
ature rise in the sample when the heat source is energized. In
a solid, this method may be applied by embedding the probe
in the material whose thermal conductivity is to be measured.
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From a condition of thermal equilibrium, the probe is energized
and heats the sample with constant power. The temperature re-
sponse of the sample is a function of its thermal properties, and
the thermal conductivity is calculated from the temperature rise
detected in the sample. Following a brief transient period, a plot
of the temperature versus the natural logarithm of time becomes
linear, as shown in Fig. 8 (linear region of the time period be-
tween times t1 and t, and temperatures T and T'2). The slope
of the linear region is used to calculate the test material thermal
conductivity.

Probes were designed and fabricated at INL’s HTTL for both
room temperature proof-of-concept evaluations and high tem-
perature testing. Using the setup shown in Fig. 7, experimental
results show that the THWM needle probes can measure the
thermal conductivity of fused silica, the ASTM recommended
reference material, within 2% at room temperature, 250°C,
400°C, and 600°C. In these evaluations, the probe design was
selected such that materials and geometry were optimized to
improve accuracy for the proposed test temperature and surro-
gate rod material (e.g., selected wire diameters and materials
were optimized to reduce losses in different surrogate fuel rods
and test setups).

The needle probe was demonstrated to work very well for
materials with thermal conductivity ranging from 0.2 to 16
W/m-K with measurement errors of less than 5%, delivering
thermal conductivity measurements with a high degree of
accuracy and consistency (see Fig. 9). However, test results
indicate that special design considerations are needed for high
thermal conductivity sample materials and for smaller diameter
samples. Methods are being explored that could overcome
these challenges; primarily techniques are under evaluation that
could reduce signal noise and allow better characterization of
the probe response time. However, results from long term eval-
uations indicate that the current needle probe design is a robust
sensor that could survive in the harsh environments associated
with in-pile fuel testing. In February 2011, a prototype needle
probe was prepared for an upcoming irradiation of hydride fuel
in the MITR.

C. Dimensions

Today, most MTRs rely on Linear Variable Differential
Transformers (LVDTs) to detect changes in length during
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Fig. 9. Comparison of THWM needle probe results obtained at various power
levels for (a) fused silica and (b) Inconel 625.

irradiation. As shown in Fig. 10(a), LVDTs are electrical trans-
formers with three coils placed end-to-end around a tube. The
center coil is the primary, and the two outer coils are the sec-
ondaries. A cylindrical magnetically-permeable core, attached
to the object whose position is to be measured, slides along
the axis of the tube. An alternating current is driven through
the primary, causing a voltage to be induced in each secondary
which is proportional to its mutual inductance in the primary.
As the core moves, these mutual inductances change, causing
the voltages induced in the secondaries to change. The coils are
connected in reverse series, so that the output voltage is the dif-
ference between the two secondary voltages. When the core is
in its central position, equidistant between the two secondaries,
equal but opposite voltages are induced in these two coils, so
the output voltage is zero (see Fig. 9(b)). Many features of
LVDTs (e.g., frictionless measurements, long lifetime, high
resolution, etc.) make them ideal for in-pile applications.

Most research reactors rely on LVDTs made by the IFE/HRP.
In the IFE/HRP LVDTs, the primary coil is activated by a con-
stant current generator (at 400-2500 Hz). The position of the
magnetically-permeable core can be measured with an accu-
racy of £1 — 10 pm (references vary on this value). Since the
IFE/HRP started with in-core measurements, more than 2200
LVDTs of different types have been installed in different test
rigs in the HBWR and other test reactors around the world [14].
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A failure rate of less than 10% after 5 years of operation is ex-
pected for their LVDTs operating in a wide range of test con-
ditions [14]. Hence, operating experience has shown that these
sensors are a robust, frictionless instrument for detecting dimen-
sional changes in lower-temperature, irradiation environments.
Recently-completed INL efforts have focused on developing a
higher temperature sensor for detecting dimensional changes
during irradiation testing at the ATR and other MTRs.
Nuclear-grade LVDTs from US and foreign sources were
evaluated as candidates for high temperature in-pile sensors.
INL efforts, [15] which included calibration evaluations and
long duration, high temperature testing (see Fig. 11(a)), clearly
indicated the superiority of LVDTs supplied by IFE/HRP.
However, evaluations of Curie point effects, due to the nickel
contained in the LVDT coil material, indicate the potential
for a change in accuracy (under certain operating conditions)
near 360°C, the temperature that corresponds to the Curie
point for the copper nickel wire used in the LVDT windings.
Consequently, temperatures could be an issue depending
on the in-core position of the sensor and the corresponding
gamma heating levels. For that reason, INL collaborated with
IFE/HRP to develop and evaluate developmental LVDTs with
an alternate coil material that is not susceptible to the Curie
effect. Calibration and long term high temperature testing of
the developmental LVDTs performed by INL demonstrates that
the new LVDTSs can operate in a very stable manner for long
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Fig. 11. LVDT response during long duration (1000 hour) test at 500°C: (a)
LVDTs originally provided by nuclear grade vendors (LVDTs designated with
an “A” were provided by IFE/HRP; and (b) developmental LVDTs provided
IFE/HRP.

periods (1000 h) at high temperatures (500°C). As shown in
Fig. 11(b), the degradation of the original LVDTs provided by
IFE/HRP and by another nuclear-grade LVDT manufacturer
was not observed in the developmental LVDTs provided by
IFE/HRP. Hence, developmental LVDTs are recommended for
use in ATR high temperature irradiation tests.

For example, developmental LVDTs will be incorporated into
an in-pile creep test rig design. This test rig is scheduled for
deployment in an ATR PWR loop in 2012. A prototype creep
test rig, shown in Fig. 12, was recently evaluated in an autoclave
at INL’s HTTL. Initial evaluations with stainless steel tensile
specimens in the elastic region yielded data that are consistent
with results obtained from a load frame for this material. Testing
in the plastic region has also shown very close agreement be-
tween LVDT measurements and post-test micrometer measure-
ments for stainless steel and copper tensile specimens. As dis-
cussed in [15], specimens with (nominal) gauge diameter of 2
mm and a (nominal) gauge length of 28 mm were intentionally
loaded beyond their yield strengths as a result of autoclave pres-
sures and temperatures up to ~16 MPa and ~ 350°C, respec-
tively, in these tests. In all these tests, disparities between LVDT
and micrometer measurements with respect to final lengths were
found to be very small (<0.9%). These disparities correspond
with errors in length of 0.26 mm or less, which is considered to
be close agreement given the measurement techniques that were
used.
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D. Flux

A joint Idaho State University (ISU)/ INL project has been
initiated to evaluate new real-time state-of-the-art in-pile flux
detection sensors. [16] Initially, the project is comparing the
accuracy, response time, and long duration performance of
several activation sensors and real-time flux sensors, including
CEA-developed miniature fission chambers, specialized
self-powered neutron detectors (SPNDs) developed by the
Argentinean National Energy Commission (CNEA), specially
developed commercial SPNDs, and back-to-back fission (BTB)
chambers developed by Argonne National Laboratory (ANL)
for the Zero Power Physics Reactor (ZPPR) programs (see
Fig. 13). Although SPNDs evaluated in this project are limited
to thermal flux detection, the CEA and BTB fission chambers
will allow fast and thermal flux detection.

Specialized fixturing was designed, fabricated, and installed
for evaluating real-time flux detectors in six of the N-16 posi-
tions in the ATRC and integral fluence detectors in the North-
west Large In-Pile Tube (NW LIPT) flux trap (the largest ir-
radiation facility in the ATRC). Flux detector testing started in
October 2010. Activation foils were irradiated in various fuel
element cooling channels and in the NW LIPT in conjunction
with real-time flux detectors (e.g., SPNDs and fission chambers)
in the N-16 positions. Additional fixturing is being developed
that will allow simultaneous evaluations of two or more sensors
in the NW LIPT and further activation foil irradiations in the
Southeast In-Pile Tube.
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For testing, flux sensors are placed in tinted Lucite tubes
to prevent any unwanted leakage of component materials (if
they are not leak-tight) and to reduce unwanted noise from
having sensor cabling in contact with metal surfaces. As shown
in Fig. 14, sensors are inserted into the ATRC N-16 positions
using specially-designed Experiment Guide Tubes (EGTs). The
EGTs are primarily fabricated from aluminum to minimize their
weight. However, selected components, such as the guide tube,
are made from stainless steel 304. As illustrated in Fig. 14, the
six EGTs mechanically position detectors at a specified vertical
location in the four N-16 exterior positions and two Center Flux
Trap N-16 positions. The position control and detector response
are controlled and measured via LabView to allow all detectors
to either individually or simultaneously move and measure the
local neutron flux and provide a 3-dimensional measurement
of the overall neutron flux. The EGTs are supported above the
reactor by attaching to the reactor control bridge.

Tests are performed for three different critical configurations
of the outer shim cylinders: balanced; tilted toward the NW flux
trap; and tilted away from the NW flux trap. For each configu-
ration, measurements are obtained for at least four intermediate
power levels between 1 milliwatt and 600 W. At 600 W, axial
flux measurements are obtained by varying detector positions
using the EGTs. The response and accuracy of each type of flux
detector is compared. In addition, data obtained from real-time
flux sensors are compared to results from activation analysis.

Ultimately, results of this effort will be used to select the de-
tector that can provide the best online regional ATRC power
measurement. It is anticipated that this may also offer the poten-
tial to allow the ATRC to better replicate the ATR by operating
in similar lobe power splits, provide ‘ATRC flux run’ data in
minutes versus days and enhance its ability to perform low-level
irradiation experiments using the specialized fixturing and soft-
ware developed in this project. In addition, the data should pro-
vide insights about the viability of using these detectors in the
ATR. Hence, this effort complements current activities to im-
prove ATR software tools, computational protocols and in-core
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instrumentation under the ATR Modeling, Simulation and Ver-
ification & Validation Upgrade initiative, as well as the work
to replace nuclear instrumentation under the ATR Life Exten-
sion Project (LEP) and provide support to the ATR NSUF. In
addition to real-time flux detectors needed for ATR and ATRC
testing, there is significant (e.g., up to 30%) uncertainty associ-
ated with real-time flux detector data. Hence, tasks performed in
this effort offer significant benefit to MTRs because of the new
capability that will be available to ‘calibrate’ flux detectors for
precise flux measurements.

III. CONCLUSIONS

As outlined in this paper, efforts continue at INL to develop
and obtain new sensors for measuring key parameters (e.g., tem-
perature, length, diameter, etc.) during irradiation testing at the
ATR. Initial efforts are focusing on sensors that can provide data
needed for ATR NSUF users and on ‘lower risk” technologies
that are already deployed at other MTRs. These initial efforts
have led to three new or enhanced sensors becoming available
to ATR users: the doped Mo/Nb HTIR-TCs, silicon carbide tem-
perature monitors, and enhanced melt wire selection and encap-
sulation options. During 2012, it is anticipated that efforts to
evaluate a creep test rig in an autoclave at the HTTL will yield
a fixture ready for deployment in an ATR PWR loop. In addi-
tion, laboratory evaluations of an in-pile technique for detecting
changes in thermal conductivity are continuing, and an evalu-
ation of conductivity probe performance in an MITR fuel irra-
diation will be completed in 2012. In 2010, efforts were initi-
ated to evaluate the viability of using miniature fission cham-
bers developed by CEA and other flux detection systems (e.g.,
SPNDs) at the ATRC. Although not described in this paper, ef-
forts have also been initiated to explore ‘advanced’ technolo-
gies, such as fiber optics and ultrasonic techniques, for in-pile
detection of elongation and temperature. Ultimately, it is antic-
ipated that these advanced technologies can be used to gain in-
sights related to changes in fuel microstructure during irradia-
tion testing.
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